ABSTRACT. Mars Express (MEX) is the first 'Flexi' mission in the European Space Agency's (ESA) long term scientific programme. The mission objectives are the exploration of Mars including high resolution stereo imaging and mineralogical mapping of the surface of the planet, subsurface sounding up to 4 km below the surface, atmospheric sounding and environmental and radio studies. Mars Express consists of an orbiting spacecraft and the Beagle-2 lander. It will also provide data relay support for Beagle-2 and other Mars landers. Mars Express is ESA's first mission to Mars and is operated by the European Space Operations Centre (ESOC). It is implemented and operated on a relatively low budget. However, low in this context does not exclude challenging requirements on both operations and science return. In order to meet these requirements a Mission Planning System (MPS) will be implemented supporting science and operations planning including scheduling and generation of an expected large number of telecommands with minimum operator intervention. Science planning is supported by a Payload Operations Service (POS) managed by Rutherford Appleton Laboratory. The paper focuses on the mission planning concept, the constraints and assumptions which govern the process and presents the resulting planning approach and the implementation of the actual Mission Planning System.
INTRODUCTION
Mars Express is not only ESA's first mission to Mars but also the first 'Flexi' mission in the ESA long term scientific programme Horizons 2000. It is dubbed a 'medium-sized' mission with about half the budget of previous, similar missions. In this context a new approach of 'pioneering faster and cheaper ways of building space science missions at ESA' [1] has been adopted. The major goals of this approach are to re-use existing technology, primarily from the ROSETTA 1 spacecraft, introduce new methods for project management by shifting responsibility from the project team to industry (to keep the project team small) and by reducing the overall time from concept to launch [1] . An ambitious operations concept needs to be implemented within the resources and constraints of the mission. The paper presents a short overview of the mission and its constraints, outlines the operations concept and focuses on the mission planning concept and the resulting planning approach. The Mission Planning System procured in support of the planning and scheduling operations is presented with its interfaces and main functions.
MISSION OVERVIEW & CONSTRAINTS
The Mars Express mission comprises the spacecraft (S/C) and its instruments orbiting Mars to perform scientific observations and measurements and a small lander, Beagle-2, that will be released prior to arrival and operate for about 6 months. The main objective of the mission is to search for subsurface water and the lander is set to contribute to the search for life on Mars [2]. The science goals are manifold and challenging for a low-budget mission. They include instruments and experiments to conduct:
• Global high-resolution photogeology • Global spatial high-resolution mineralogical mapping of the Martian surface • Global atmospheric circulation and high-resolution mapping of atmospheric composition • Subsurface structure mapping down to permafrost • Measurement of surface-atmosphere interaction • Measurement of atmosphere-interplanetary medium interaction.
The spacecraft is powered by solar arrays in combination with a Lithium-ion battery pack. Data communication is via a single high-gain antenna in X-band, with the data rate varying between 28 kbps and 228 kbps. Solar conjunctions and oppositions contribute to telecommunication outage periods. An on-board communications package manages communication with Beagle-2 or other landers. All telemetry and science data is stored in a Solid-State Mass Memory (SSMM) device. The S/C is three-axis stabilized by reaction wheels. Thrusters are provided for orbit and attitude maintenance in certain S/C modes. The S/C needs to be pointed to Earth for communications while instrument operations require pointing to nadir or inertial attitudes, e.g. in support of star occultation observations.
The ground segment comprises the Mission Operations Centre (MOC) at ESOC and the new ESA deep space ground station at New Norcia, Australia, which is remotely controlled from ESOC. The MOC performs the traditional functions of monitor and control, data transfer, orbit prediction, determination and maintenance, attitude manoeuvres, payload operations and mission planning. Science operations and mission planning are supported by a Lander Operations Control Centre (LOCC) at Leicester University, UK, and a Payload Operations Service (POS) managed by Rutherford Appleton Laboratory (RAL), UK.
Mars Express is due for launch in May/June 2003 from Baikonour on a Soyuz Fregat launcher arriving at Mars 7 months later. The nominal mission duration is one Martian year (687 Earth days) with an extension option of another Martian year. The S/C will fly in a highly inclined elliptical orbit with a period of about 7.5 hours. This orbit has been designed to achieve a global coverage of Mars.
OPERATIONS CONCEPT
The operations of MEX are largely dictated by the geometrical conditions of the orbit, the attitude requirements in support of science and the availability of the ground station. MEX operates with a single ground station which has to be shared with other missions, e.g. ROSETTA. The station plan is based on an availability of the station of 8 hours per day during the visibility periods. The limited availability of the ground station and because of the long light travel times (in excess of 20 minutes for one-way), MEX operations will be performed off-line, i.e. all commands are time-tagged and maintained in a timeline buffer on-board the S/C. For safety purposes the commands for 2 days will be kept in the timeline buffer, with the most recent day being overwritten daily. All telemetry and science data stored in the SSMM will be forwarded (dumped) to the ground once per day during a communications period. The science data will be distributed to the respective science centres upon reception at the MOC. The management of data generation versus data downlink is dictated by the varying bit rates. Management of the available power is affected by the demand from the instruments, the S/C subsystems and constrained by eclipses, S/C slews and other non-optimal pointing of the Solar arrays.
The operational orbit is proposed to be maintained in such a way that the ground track can be predicted over a longer period of time. This concept allows science observations to be able to be preplanned. It also permits to base the timing of operational activities on events rather than absolute time. The event time will be updated with time derived from the latest orbit prediction based on actual tracking data close to execution of the activity. While planning, some uncertainty margin of the actual event with respect to the reference has to be taken into account. Other orbit-related activities are the off-loading of the wheels in order to avoid saturation. The number of off-loading operations required is dependent on the number of attitude changes per orbit and the required attitudes.
Commanding the S/C subsystems, payload and ground station is performed using the operations request mechanism implemented at ESOC. This mechanism allows a user to request the operations to be performed based on events or absolute time, define power and data profiles and encapsulate commands to a lander.
MISSION PLANNING CONCEPT
The operations concept prescribes how to operate the S/C and payload within the defined constraints envelope. The S/C is designed for a sizing case including reference operations. The more the S/C is used outside the reference case, the more this must be planned ahead. In order to optimise the science return, the allocation of the available resources also needs to be planned and it has to be checked that the constraints are not violated. The resources of the S/C need to be carefully allocated in order not to jeopardize the safety of the overall mission. The number of operations requests both for payload, S/C subsystem and ground station operations is estimated to be in the order of 300 per week. Thus, the amount of tasks to be performed daily requires an automated system that supports operators in their tasks. A decision was therefore taken to implement a Mission Planning System at ESOC supported by the POS and LOCC. A concept has been devised that is believed to provide a high degree of flexibility and robustness for the science community to optimise the science return for the mission. This is perceived to be achievable by planning from a coarse resource allocation to a more detailed feasibility checking, including thermal, power and data downlink aspects. The approach chosen and the time schedule is shown in Figure 1 . 
LONG-TERM PLANNING (LTP)
The long-term planning period typically covers up to 6 months of operations. During this period the scientists, under leadership of the Project Science Team and supported by the POS, generate the 'Master Science Plan'. Tools are provided to check the usage of resources and observe the known constraints of the mission. The Master Science Plan can therefore be considered largely conflict-free and is approved by the science community. One of the major activities in this period is to freeze the science and communication windows for each orbit. While fixed windows are defined for orbit maintenance and wheel off-loading, science operations can be scheduled around these within an orbit observing a minimum communications time to satisfy tracking requirements for orbit determination. It is up to the science community to balance the periods between taking data (maximum observation time) and down-linking data (maximum communications time). All planning is based on the events derived from the long-term orbit predictions.
MEDIUM-TERM PLANNING (MTP)
The long-term plan is further divided into planning segments of 4-week duration. Activities commence eight weeks before execution of a segment and conclude with the fixing of the S/C attitude and the allocation of S/C resources. As input to the phase the POS generates pointing (attitude) requests derived from the Master Science Plan. These are checked by Flight Dynamics, and iterated if necessary, to verify that the required attitudes are feasible within the S/C constraints. The Flight Control Team verifies that the thermal and power constraints are not violated. The resulting conflictfree attitude timeline is frozen for the complete planning segment and cannot be changed without a major re-planning exercise.
At this point the POS will commence the communication with the individual instrument operators to collect the necessary information for configuring and operating the instrument within the defined boundaries and send preliminary operations requests to ESOC. In parallel, the Flight Control Team generates operations requests for the S/C subsystems from the outputs of the thermal and power analysis and performs a detailed data analysis to ascertain that the science data generated and stored in the SSMM can also be transferred to the ground. With this information early resource and constraints checks can be performed in order to flag conflicts and try to resolve them without major impact on science.
The Radio Science Investigation experiment makes use of the S/C and ground communication resources. Detailed configuration requests are generated by the science team via the POS and translated by the Flight Control Team into appropriate operations requests for the S/C and the ground station.
SHORT-TERM PLANNING (STP)
The medium-term planning segment is further broken down into weekly slices, with the final delivery of the payload operations requests once per week, specified by instrument on an orbit-by-orbit basis. Fine-tuning requests for instrument operations will be accepted during the short-term planning period. Late changes which affect the resources allocated during the medium term planning may be allowed if they do not affect the overall resource budget. Also operations requests for the S/C and the ground station will be finalised as much as possible.
The Mission Planning System is employed to perform detailed resource and constraints checks by application of rules defined in the system. A minimum number of iterations are assumed to take place between ESOC and POS at this stage of the planning. Because of the limited time available for iteration with the parties involved conflicts are flagged and solved based on pre-defined priority rules. The final output of this phase is a feasible master operations plan committed for the following week. The plan will be made available to the users.
DAILY PLANNING, SCHEDULING & REPORTING
On a daily basis detailed operations requests to perform attitude manoeuvres, wheel off-loading, orbit maintenance and data recovery as well as lander commands from the LOCC are received that have to be consolidated with the master operations plan. The telecommands referenced in the operations requests are instantiated with the most up-to-date event times. A schedule is generated for the next 2 days in advance. Commands for the next day are exchanged with ones with more up-to-date timing. The commands are transferred to the S/C master timeline buffer during the ground station communications period.
As part of the analysis activity performed by the Mission Planning Team, the command history is consolidated with the master operations plan after the command acknowledgement messages have been extracted from the dumped telemetry. The resulting report is distributed to the science community.
The short-term and scheduling activities are performed by the Mission Planning System, the transfer of telemetry and generation of the command history by the Mission Control System.
MISSION PLANNING SYSTEM
The Mission Planning System at ESOC is a development dedicated to Mars Express. It is being developed on a low budget and partially re-uses the system implemented for ENVISAT 2 . Its main purpose is to support the mission planning activities during the routine operations phase. Error! Reference source not found. depicts the interfaces of the Mission Planning System. The system performs detailed resource and constraints checking based on rules and models. Power, data rate and data volume models are implemented. An operator can generate, edit or delete operations requests locally. The MPS is operated manually. Resource conflicts detected during the planning are flagged and have to be resolved by the parties involved. The MPS provides for a test and operational environment. Only plans generated in the operational environment are allowed to be processed for uplink. The outputs of the MPS are detailed operations plans, telecommand schedules and an analysis report of the telecommand history. Graphical display of the planning data in the form of Gantt-style timelines is provided. An external tool supports the analysis of the thermal domain.
Incoming operations requests generated by the POS and LOCC are automatically syntax-checked and only valid requests are forwarded to the MPS. Flight Dynamics provides event and orbit information and generates the operations requests in support of orbit maintenance and wheel off-loading. The Flight Control Team generates requests for S/C subsystem-related operations. The MPS accesses the operational database in order to generate the command schedule from the operations requests. An operator loads the schedule files onto the respective command stack of the Mission Control System from where they are transferred to the Ground Station for up-link. The Mission Control System also provides the command history. The plans and analysis report are distributed to users via the Data Distribution System.
CONCLUSION
The operations concept of the Mars Express mission is very complex and demanding because of constraints imposed by the spacecraft, its orbit around Mars and the science requirements. The spacecraft resources need to be shared among the spacecraft subsystems and the instruments. It is perceived that adequate planning can provide flexibility to the operations concept. The proposed mission planning concept is based on a maintained ground track implementation, i.e. all planning data and events are known in advance. It allows to detach the planning from the commanding activities thus providing a time margin during which conflicting science requirements can be resolved. The planning activities are not performed by the Mission Operations Centre but by external services. A high number of operations requests per week will have to be processed to support the spacecraft, orbit, attitude and science activities. Given the limited budget for operations, a Mission Planning System was procured to support the operators in their tasks of performing planning, resource and constraints checking, scheduling and reporting during routine operations.
